I. INTRODUCTION
Zinc oxide (ZnO) micro and nanostructures are highly interesting materials since they offer a wide variety of morphologies 1 (rods, dots, rings, etc.), tunable semiconducting and optical properties when doped 2, 3 , are health friendly and of low fabrication cost 4 . In particular, ZnO nanorods (NRs) are the focus of great attention because their one-dimensional character allows researchers to obtain coherent orientation of them, while keeping high surface area/volume ratio and interesting piezoelectric properties. Currently, ZnO NRs are involved in many functional electronic devices such as light emitting diode 5 , fast UV detectors and pressure sensors 6 . In these applications, native (intrinsic) or intentionally introduced (extrinsic) defects play a major role. For instance, in all luminescence phenomena, intrinsic and extrinsic defects in ZnO are involved as steps in the excitation and/or recombination paths, hence influencing the absorbed or emitted light properties (photon energy, relaxation time, etc.). On the other hand, electrical conduction in semiconductors is entirely driven by the ability of these defects to provide delocalized electrons (holes) in the conduction (valence) bands. Consequently, the knowledge and control of intrinsic and extrinsic defects, as well as the relation between both, are key issues for the electronic and optical optimization of ZnO nanostructures.
The case of paramagnetic defects is of particular interest because, when subjected to an external applied magnetic field, a majority of them (depending on temperature) have up (or down) spin projection, which then restricts the possible recombination paths via these polarized defects to those allowed by the Pauli exclusion principle.
Regarding these paramagnetic defects, electron paramagnetic resonance (EPR) is a precious tool to characterize them and to study their occurrence as a function of the various synthesis parameters (synthesis temperature, stirring time, dopant, etc.). Simultaneously, EPR spectra can give information about the spin environment, the crystal quality at the atomic scale, and the macroscopic ordering. However, applying EPR spectroscopy on paramagnetic nanostructures is difficult, mainly because of the low amount of resonating centers and the large spin relaxation. Moreover, as most of the studies deal with nonoriented nanoparticles, information on magnetic anisotropy is often lost [7] [8] [9] . Nevertheless, in a previous study 11 based on EPR measurement of well-oriented ZnO:Co NRs, we have successfully used the Co 2+ signal to prove the incorporation of these ions in well-oriented crystalline NRs phase, and have suggested that the drastic reduction of the intrinsic core defects (CD) at g ∼ 1.96 of ZnO nanostructures observed in Co-doped samples was related to this cobalt incorporation. The fine structure and magnetic anisotropy of the g ∼ 1.96 signal has been in addition determined.
In this work, by a systematic examination of the EPR spectra of ZnO:Co NRs grown with varying the cobalt concentration in the synthesis solution, from 0 % to 15 %, we prove that the apparition of the substitutional Co 2+ signal is correlated with the disappearing of the paramagnetic CD signal at g ∼ 1.96. The analysis of the Co
2+
signal brings information about the ordered phase of NRs and suggests the presence of an additional disordered phase of the same ZnO:Co system. In addition to give some insight into the observed augmented crystal quality of low Co-doped ZnO NRs 12 , this work opens the path to accurately control the number of these paramagnetic CDs with relatively small amount of dopant incorporation.
II. EXPERIMENTAL DETAILS
The samples under study are made of ZnO:Co NRs of length and diameter 3.5 µm and 200 nm, respectively, grown on a ZnO nanoparticles (20- Fig. 1 . The EPR measurements were performed on a conventional Bruker ELEXSYS continuous wave spectrometer operating at X-band (ν = 9.38 GHz) using a standard TE 102 mode cavity. The orientation of the samples was insured by manual goniometer with a precision of 0.5
• , and allow to set the angle between the applied magnetic field B and the caxis of the wurtzite ZnO nanocrystals, parallel to the NRs and perpendicular to the substrate surface. Due to the low Co and CD absolute number, signals have been accumulated to increase the signal/noise ratio. All measurements have been performed at a temperature of 6 K. As no reference line was added to the spectra, the exact magnetic field is not known with precision lower than 2-4 G, and the absolute g-factor values may have to be slightly corrected by an amount of 0.002. The scope of this work is to compare the EPR line's intensity of the substitutional Co 2+ ions to that of the CD when the Co concentration within the synthesis solution is varied, in order to compare the respective number of these extrinsic and intrinsic defects. The EPR intensity of a given line can be expressed as I = K.W.f (T ).N , where K is a constant depending on experimental condition, W is the transition probability, f (T ) is a temperature-dependent function, and N is the number of resonating spins (see Ref. 11) . By recording all spectra at the same temperature (6 K), scaled to the same experimental conditions (10 dB attenuation, 5 G modualation), and assuming that transition probabilities are of the same order (W co ∼ W cd ), the ratio I co /I cd will give the ratio of extrinsic/intrinsic defects numbers. Even if these transition probabilities are substantially different, as they are regarded as constant quantities, the evolution of the intensities ratio will reflect the evolution of the defects numbers ratio. In order to determine the EPR intensities, two main methods are usually employed: (1) the double integration procedure or (2) the fitting of each spectrum by an appropriate simulation. However, the first method demands high signal/noise ratio with negligible baseline, while the latter requires precise and certain models for each lines. Both of these methods are inappropriate in our case, firstly because the recorded signals are very noisy due to the low resonant centers quantity in NRs and, secondly, because some of the lines are a superposition of several lines (see below), which makes the simulation difficult by increasing the number of adjustable parameters. In addition to these constraints, the chosen method must be identically used for each line. We then adopt a third solution, which is based on roughly estimate a line's intensity by multiplying its width by its peak-to-peak height. This method is only rigorously valid for a single 1/2 spin line, symmetric and without any substructure. Nevertheless, in the following, all intensities will be calculated by this third method, and it will be assumed to give reasonable estimation for the relative intensities and their evolution.
III. RESULTS AND DISCUSSION
The typical EPR spectra of the samples under study are shown in Fig. 2 . The substitutional Co • ( Fig. 2-b) , as previously observed in similar samples 11 . When the Co concentration within the synthesis solution is decreased, the Co 2+ signal decreases ( Fig. 2-a) while the CD signal begins to appear at B ∼ 346 mT (g ∼ 1.96). This latter reaches a maximum intensity for pure ZnO NRs. In some of the samples (10 % and 0.5 %), point defects in the crystalline sapphire substrate give line very closed to the CD signal for the θ = 0
• orientation (see Fig. 2 ). Fortunately, this sapphire defect (SD) line cannot be mistaken with the CD one, because of its great and known anisotropy: rotating the sample by 90
• with respect to the magnetic field shifts the SD line to B ∼ 175 mT field, while the CD line practically does not move (Fig. 2) . For this reason, the θ = 90
• orientation is preferable in order to study the CD line's intensity without signal pollution. In the following, we begin by analyzing the Co-related signal and discuss some of its characteristics and, after that, we focus on the CD signal. The Co 2+ spectra for both orientations, and for each sample, are all shown in Fig. 3 . Their intensities, line width and position (g-factor) are reported in Tab. I. Regarding these Co 2+ spectra, two interesting facts have to be pointed out. Firstly, and contrary to what can be expected, the I ∥ co /I ⊥ co ratio is not constant in each sample, and, secondly, the Co 2+ line at 150 mT (for θ = 90
• ) displays a pronounced asymmetry (positive and negative parts are not equal). We will see that these two points are likely to reflect the presence of a secondary, disordered, phase of ZnO:Co. Regarding the first point, although the number of substitutional Co 2+ varies from one sample to another, if these ions are sufficiently diluted in the same ordered ZnO matrix, the I ∥ co /I ⊥ co must be constant. As it is not the case in our samples, it is interesting to evaluate this ratio for a perfectly crystalline ZnO:Co system. We do that by estimating the I ∥ co /I ⊥ co ratio with the same method in single crystalline ZnO:Co microwire grown by optical furnace method (see Fig. 2-d) , and find a ratio of I ∥ co /I ⊥ co = 1.3. This value has to be seen as a lower limit because the concerned microwire has been proved to be inhomogeneous in Co doping 13 , so that several Co 2+ pairs contribute to the 150 mT line at θ = 90
• leading to an overestimation of I ⊥ co . Compared to this value, the estimated ratio in all our samples is systematically lower: 0, 0.85, 0.96, and 0.55 for the 0.5 %, 2 %, 10 %, and 15 %, respectively. This variation can be explained if, in addition to the well-orientated ZnO:Co NRs giving rise to I ∥ and I ⊥ , there exists another phase of the same ZnO:Co system which only contributes to I ⊥ by augmenting its intensity and breaking the line symmetry. The variation of the I ∥ co /I ⊥ co ratio would then reflects the variation in the relative proportion of the two phases. The other mentioned point (asymmetry) tends to support and to precise this hypothesis. Indeed, while the eight-lines structure recorded for the θ = 0
• orientation clearly arise from substitutional Co 2+ ions in orientated and crystalline ZnO NRs, this is not the case for the broad line at B ∼ 150 mT. Simulation and experiment on bulk ZnO:Co (Fig. 2-d) show that the asymmetry and the relative intensity of this latter line are not compatible with the simple rotation of the orientated ZnO:Co NRs, which would give a symmetric line of weaker intensity. Keeping in mind that the EPR lines are derivative of the absorption lines, the observed asymmetry is the consequence of a wide distribution in some of the Co 2+ parameters, which is most likely to be an angle distribution, indeed very closed to that of a powder spectra. Such a powder spectra would precisely gives an isotropic and asymmetric line at 150 mT and, ac-tually, a trace of it can be seen in the spectrum of Fig. 2-c (10 %, 0 • ), unfortunately not sufficiently resolved. We are then led to conclude that, in addition to the well-orientated ZnO:Co NRs phase, there exists a little disordered phase of the same system which contributes to the 150 mT Co 2+ line. The better evidence for that is the 0.2 % sample spectra, in which only the broad line at 150 mT is visible (see Fig. 3 ). The nature of this disordered ZnO:Co phase has not been elucidated, but is likely to be a set of ZnO:Co nanoparticles or badly oriented NRs distributed within the sample. To accurately quantify the relative amount of these two phases would require precise simulations of betterresolved spectra, recorded with additional intermediate orientations. Such simulations would be difficult to perform because of the anisotropy of the line width (not taken into account in common powder simulations) and of the required knowledge of the perpendicular hyperfine constant A ⊥ which, moreover, may be different in the ordered and disordered phases. As a consequence, we state that while the Co intensity at θ = 0
• is proportional to the number of Co 2+ ions in the well-orientated phase, the Co intensity at θ = 90
• is proportional to the whole number of Co 2+ , within the ordered and disordered phases. Then, for the aim of comparing the total number of incorporated Co 2+ ions to the number of CDs, we will use the cobalt intensity recorded at θ = 90
• . Table I : Evolution of EPR lines parameters with increasing concentration. All line widths are in mT and the intensities are in arbitrary unit scaled so that it is 100 for the CD line of pure ZnO NRs. The examination of the intensities evolution indicates that the total number of incorporated Co 2+ ions (∝ I ⊥ co ) continuously increases, while their number in the ordered phase (∝ I ∥ co ) reaches a maximum for 10 % of Co in the synthesis solution. This is consistent with the previous study on ZnO:Co NRs grown with the similar low-temperature method, which has stated that the maximum number of incorporated Co 2+ arise at about 1 % of cobalt in the synthesis solution, and that above this value the crystal quality is degraded 12 . This may be understood by noting that ZnO:Co is not an equilibrated thermodynamic system, so that low-temperature growth method can only incorporate a small amount of Co in the ZnO matrix. Indeed, the 10 % sample has also the closest I ∥ co /I ⊥ co ratio (0.96) to the single crystal one (1.3), thus appearing as a better ordered and crystalline sample. This is consistent with the SEM images of the different samples (Fig. 1) , which show that the 10 % sample has the highest Co concentration while preserving the NRs integrity. Regarding the evolution of the other Co 2+ parameters, we note that the parallel hyperfine constant (A ∥ ), defined by the spacing between two hyperfine lines, is the same in all samples where it can be detected (16×10 −4 cm −1 ), and is almost exactly that of the bulk case, thus indicating a high crystallinity of the ordered phase. The perpendicular hyperfine constant (A ⊥ ) is not resolved in the 150 mT broad line because it is lower than the perpendicular line width. On the contrary, the augmentation of the parallel line width (w ∥ co ) indicates a continuous increase in the Co 2+ concentration within the ordered phase, due to dipolar broadening. By comparing the 10 and 15 % sample, we see that the latter has a lower number of orientated Co 2+ , which are however more concentrated: this can be interpreted as a reduction of the ordered phase volume in the 15 % sample, consistent with its lowest I ∥ co /I ⊥ co ratio (0.55) and SEM imaging (Fig. 1) .
We now turn to the study of the intrinsic defects signal, which gives lines around g ∼ 1.96. Previously, several defect signals have been detected close to this value, both in bulk and nano-sized ZnO materials [14] [15] [16] [17] . Their identification still remains controversial but two main assignments are usually made: (1) a single-ionized zinc interstitial (Zn + i ) at g ⊥ = 1.9595 and g ∥ = 1.9605 17, 18 , and (2) a so-called D * center at g ⊥ = 1.9605 and g ∥ = 1.9565 19, 20 . Besides, a g ∼ 1.96 signal has been proved to decrease when reducing the ZnO nanoparticles size, thus being attributed to a shallow donor CD signal [21] [22] [23] . However, the nanoparticles not being oriented, the information on anisotropy is lost so that the signal may arise defect mentioned (1), (2), or both. On the contrary, when dealing with oriented nanostructures, it is valuable to characterize the defects by the anisotropy (if any) of their g-factor components. Defining ∆g = g ⊥ − g ∥ , the two above-mentioned defects have ∆g = −0.0010 (easy-axis) and ∆g = +0.0040 (easy-plane), respectively. The difference in the anisotropy type of these defects points to their different nature. Regarding our samples, we first note that in all of them, excepting the g ∼ 1.96 CD signal, no other defect or pollution-related lines are detected, pointing to the high crystal quality and purity of the NRs under investigation. The CD signal detected on the pure ZnO NRs (Fig. 4-top) is made of at least two closed lines, which collapse into a single asymmetric line for θ = 90
• . Here, one of these observed lines appears to be almost isotropic, while the other one displays a slight easy-axis anisotropy signed by the displacement of the positive peak. This shift allows us to estimate ∆g for the anisotropic line to be −0.0014, thus likely to be related to a Zn + i defect (∆g = −0.0010) within the ordered phase of NRs. Regarding the isotropic line, although an isotropic defect cannot be excluded, it is likely to be related to the previously mentioned disordered phase. If so, the line may arise from a powder of the anisotropic defect, with slightly modified parameters: this could be the case for disordered ZnO:Co large nanoparticles or partially grown NRs. We note that in a previous study on similar samples 11 , we have observed a three-line structure at g ∼ 1.96, denoting the presence of another kind of resonant center. This additional line displays an easy-axis anisotropy closed to that of the (probable) Zn + i signal, so that it must arise from the ordered phase of NRs as well. Concerning the intensities estimation, we keep the same simple method as before, which is better applied for the θ = 90
• CD spectra, when a single asymmetric line is present and the SD signal is shifted toward low field (Fig. 4) . We then determine g-factor (g When a small amount of Co is introduce within the synthesis solution, the total CD signal is drastically reduced by a factor ∼20 in the 0.2 % sample, and a factor ∼50 in the 0.5 % sample (see Tab. I). In these Co-doped samples, the two-lines structure of the θ = 0
• orientation is not anymore visible and there only remains a broader line, whose asymmetry indicates an underlying structure (Fig. 4-bottom) . This broad line displays an easy-axis anisotropy ∆g = −0.0012, so that it is reasonably assumed to arise from the same anisotropic (probable Zn Regarding the evolution of the CD signal for θ = 90
• , figure 5 clearly shows that the CD intensity (number) decreases with the increase of Co in the synthesis solution. However, the comparison of absolute intensity in different samples does not lead to significant information since the total number of the NRs may vary from a sample to another, mainly due to differences in the substrate coverage. Consequently, in order to indubitably correlate this decrease with the increase of total number of incorporated Co 2+ , it is preferable to plot the CD's intensity (I ⊥ cd ) with respect to the Co intensity at θ = 90
• (I ⊥ co ), rather than with respect to the Co concentration within the synthesis solution. This has been done in the inset of sible: (1) the presence of cobalt in the synthesis solution may, in a way or another, simply inhibit the formation of this defect during the growth, (2) the paramagnetic incorporated Co 2+ ions and CD may form a non-magnetic complex, which is then not detectable by EPR, or (3) another kind of nonmagnetic incorporated cobalt may destroy the CD, for example by filling a vacancy. It has also been suggested that the disappearing of the g ∼ 1.96 signal when transition metal ions are incorporated in ZnO is only due to a large broadening due to spin-spin relaxation with the 3d electrons 23 . However, it is difficult to imagine a Co 2+ ion interacting so with a CD without being altered in its magnetic parameters, so that, as only Co 2+ ions with bulk parameters are detected, this suggestion may be finally equivalent to the case (2) . Indeed, the physics of ZnO intrinsic and extrinsic defects is so rich that many kinds of defects complexes are likely to occur. Consequently, at this stage, we cannot decide an exact answer for this question, in particular because the exact nature of the CD is not known with certainty. Further experimental and theoretical investigation have to be done.
For instance, the ab initio theoretical study of ZnO supercells containing various kind of paramagnetic defects (compatible with the slight easy-axis magnetic anisotropy observed in this work) and substitutional Co 2+ ions in various relative positions would be able to give insight into these questions.
IV. CONCLUSION
We have detected the EPR signal of substitutional Co 2+ ions in the ZnO matrix of NRs. The analysis of the anisotropic spectra indicates a high crystallinity of the NRs, which are moreover mostly well-oriented perpendicularly to the substrate surface. The line-shape analysis of the Co 2+ signal reveals the probable presence of a secondary disordered phase of ZnO:Co. Besides, the resolved anisotropy of the CD signal at g ∼ 1.96 in pure NRs strongly suggests that this defect signal arises, at least partially, from the shallow donor Zn + i . By a systematic examination of the EPR spectra recorded just above liquid helium temperature on samples grown with varying cobalt concentration within the synthesis solution, we prove that the apparition of the cobalt signal is anti-correlated with that of the CD signal, thus suggesting a gradual neutralization of the CD by Co 2+ . On one hand, these results can explain the augmentation of the ZnO:Co NRs crystal quality observed in low Co-doped samples and, on the other hand, it will allow researchers to finely tune the number of the paramagnetic defects in ZnO nanostructures, as well as to give insight into the identification of the g ∼ 1.96 signal.
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